We use the largest homogeneous sample of globular clusters (GCs), drawn from the ACS Virgo Cluster Survey (ACSVCS) and ACS Fornax Cluster Survey (ACSFCS), to investigate the color gradients of GC systems in 76 early-type galaxies. We find that most GC systems possess an obvious negative gradient in (g-z) color with radius (bluer outwards), which is consistent with previous work. For GC systems displaying color bimodality, both metal-rich and metal-poor GC subpopulations present shallower but significant color gradients on average, and the mean color gradients of these two subpopulations are of roughly equal strength. The field-of-view of ACS mainly restricts us to measuring the inner gradients of the studied GC systems. These gradients, however, can introduce an aperture bias when measuring the mean colors of GC subpopulations from relatively narrow central pointings. Inferred corrections to previous work imply a reduced significance for the relation between the mean color of metal-poor GCs and their host galaxy luminosity. The GC color gradients also show a dependence with host galaxy mass where the gradients are weakest at the ends of the mass spectrum-in massive galaxies and dwarf galaxies-and strongest in galaxies of intermediate mass, around a stellar mass of M ⋆ ≈ 10 10 M ⊙ . We also measure color gradients for field stars in the host galaxies. We find that GC color gradients are systematically steeper than field star color gradients, but the shape of the gradient-mass relation is the same for both. If gradients are caused by rapid dissipational collapse and weakened by merging, these color gradients support a picture where the inner GC systems of most intermediate-mass and massive galaxies formed early and rapidly with the most massive galaxies having experienced greater merging. The lack of strong gradients in the GC systems of dwarfs, which probably have not experienced many recent major mergers, suggests that low mass halos were inefficient at retaining and mixing metals during the epoch of GC formation.
1. INTRODUCTION Galactic radial gradients in stellar populations are a result of a galaxy's star formation, chemical enrichment, and merging histories, and thus can be an important discriminant of galaxy formation scenarios. Galaxies that form in a strong dissipative collapse are expected to have steep gradients in metallicity, as the central regions retain gas more effectively and form stars more efficiently. Thus, in isolation, higher mass galaxies formed in this way are expected to have steeper negative metallicity gradients due to their deeper potential wells (e.g., Chiosi & Carraro 2002; Kawata & Gibson 2003) . By contrast, in galaxies where merging is a dominant process, radial gradients are expected to weaken due to radial mixing that occurs during mergers (White 1980; Bekki & Shioya 1999; Kobayashi 2004) . So if the most massive, quiescent galaxies are the ones most shaped by major merging (e.g., van der Wel et al. 2009 ), one would expect their metallicity gradients to be relatively flat. Recently, however, Pipino et al. (2010) argue that shallow gradients in massive galaxies can also result from lower star formation efficiency and do not necessarily require extensive merging.
The existence of negative optical and near-infrared color gradients, where the outer regions are bluer, have been well-established in elliptical and disk galaxies (e.g., Franx et al. 1989; Peletier et al. 1990; Michard 2005; Wu et al. 2005; Liu et al. 2009 ), and have generally been interpreted as gradients in metallicity, or sometimes age (e.g., Kobayashi & Arimoto 1999; Kuntschner et al. 2006; Rawle et al. 2008 ). In lower mass galaxies, however, gradients appear to be shallower, nonexistent, or even positive. This shows that gradient properties can be a function of galaxy mass and perhaps reflects the greater diversity in the star formation and evolutionary histories of low-mass galaxies. Recent results with large samples of galaxies show that while the most massive galaxies have shallow or flat color gradients, gradients get increasingly negative toward lower stellar mass until M ⋆ ∼ 3 × 10 10 M ⊙ , at which point gradients again become shallower and even positive (Spolaor et al. 2009; Tortora et al. 2010a ). For early-type galaxies in particular, this has been interpreted as an intrinsic correlation between gradient and galaxy mass-more negative at higher mass-modulated by dry merging at higher masses, especially for brightest cluster galaxies (Roche et al. 2010) .
Nearly all previous studies of stellar population gradients are of the main stellar body (bulge or disk) of a galaxy. Given the complex star formation histories of galaxies, the effects of age and metallicity are often difficult to disentangle, and require multiband photometry and spectroscopy (e.g., MacArthur et al. 2004) . Moreover, these studies say little about the stellar halo, perhaps the oldest galactic component. We thus approach the issue of population gradients using a unique tool: globular clusters.
Globular clusters (GCs) are among the oldest stellar populations in galaxies, and preserve information from the earliest epochs of star formation. Population gradients in GC systems have not received much attention, but one notable exception was the study of metallicity gradients in the Milky Way GC system by Searle & Zinn (1978) . They showed that although the inner halo GCs had a negative gradient, the outer halo GCs had no gradient, leading them to suggest that the outer halo was accreted from dwarf-like fragments.
In both the Milky Way and nearby galaxies, GCs are found to be nearly universally old, with ages greater than ∼ 8 Gyr (e.g., Puzia et al. 2006; Hansen et al. 2007; Marín-Franch et al. 2009; Woodley et al. 2010) . Although in extragalactic systems we are mostly limited to broadband colors, the lack of any significant age spread in GCs, and the fact that they are generally simple stellar populations, allows us to interpret GC colors as largely representative of metallicity.
The color distributions of GCs in massive galaxies are often bimodal, and usually interpreted as two metallicity subpopulations (e.g., Gebhardt & Kissler-Patig 1999; Larsen et al. 2001; Kundu & Whitmore 2001; Peng et al. 2006a ) (although there is still uncertainty in the transformation from color to metallicity, see Yoon, Yi & Lee 2006) . Metal-rich (red) GCs are found to have a more concentrated spatial distribution than the metal-poor (blue) GCs, which results in the total mean color of GCs becoming gradually bluer with projected radius (e.g., Rhode & Zepf 2001; Jordán et al. 2004a; Tamura et al. 2006) .
Many studies of massive galaxies have confirmed that GC systems taken as a whole have negative color and metallicity gradients (Geisler et al. 1996; Rhode & Zepf 2001; Jordán et al. 2004a; ). The conventional wisdom, however, has been that individual metal-rich or metal-poor GC subpopulations have no color or metallicity gradients (Lee et al. 1998; Rhode & Zepf 2001) . Additional studies of individual galaxies, however, have shown that GC subpopulations in M49, M87, NGC 1427, and NGC 1399, and nearby brightest cluster galaxies do have a slightly negative color gradients (Geisler et al. 1996; Forte et al. 2001; Bassino et al. 2006; Harris 2009a,b) . Furthermore, very little is known about color gradients in the GC systems of dwarf galaxies, whose systems are dominated by metalpoor GCs. Similar to population gradient studies of the main bodies of galaxies, investigating the color or metallicity gradients of GC systems across a range of galaxy mass can provide direct constraints on the formation of GC systems and the merging history of their host galaxies.
In this paper, we present the results from the first homogeneous study of color gradients in the GC systems of early-type galaxies. The ACS Virgo Cluster Survey (ACSVCS, Côté et al. 2004 ) and ACS Fornax Cluster Survey (ACSFCS, Jordán et al. 2007a ) observed 100 galaxies in the Virgo Cluster and 43 galaxies in the Fornax Cluster using the Hubble Space Telescope Advanced Camera for Surveys (HST/ACS). All 143 objects are early-type galaxies and range in mass from dwarf to giant galaxies. One of the main goals of the surveys is the investigation of extragalactic GC systems, and previous studies have examined their color distributions (Peng et al. 2006a) , size distributions (Jordán et al. 2005; Masters et al. 2010) , luminosity functions (Jordán et al. 2006 (Jordán et al. , 2007b Villegas et al. 2010) , formation efficiencies (Peng et al. 2008) , and color-magnitude relations (Mieske et al. 2006 (Mieske et al. , 2010 . Likewise, the surface photometry of the galaxies themselves have also been studied in detail (Ferrarese et al. 2006; Côté et al. 2007 ), allowing us to perform a homogeneous comparison of the color gradients in the field stars with those in the GC systems. Another advantage of this sample is that distances to most galaxies have been determined using the method of surface brightness fluctuations (Mei et al. 2007; Blakeslee et al. 2009 ). Using this large and homogenous sample of extragalactic GCs (Jordán et al. 2009 ), we measure the color gradients of GC systems in the targeted galaxies within the field of view (FOV) of the ACS camera, except for four galaxies where we use multiple ACS fields. The high resolution and quality of the HST images allow us to measure the gradients of GC systems in dwarf galaxies as well as in individual GC subpopulations for systems showing color bimodality.
This paper is organized as follows: In Section 2, we give a description of the GC selection and data analysis. The results and discussion are presented in Sections 3 and 4, respectively. Finally, we conclude in Section 5.
2. SAMPLE AND DATA ANALYSIS 2.1. Galaxy Sample and GC Selection The data used in this work are drawn from the ACSVCS and ACSFCS, which obtained deep, highresolution images for 143 early-type galaxies in the F475W (≈ SDSS g) and F850LP (≈ SDSS z) filters using HST/ACS. These galaxies were selected by morphology (E, S0, dE and dS0) and cover a range in luminosity, −22 < M B < −15 (see Côté et al. 2004 and Jordán et al. 2007a for details) .
Details about the selection of over 12,000 GC candidates in the 100 early-type Virgo galaxies are described in Jordán et al. (2004b Jordán et al. ( , 2009 . Briefly, after selecting preliminary GC candidates using magnitude, ellipticity, and a broad color cut, all the candidates are fit with a PSF-convolved King model using the KINGPHOT code. The probability of an object being a GC (the p GC pa-rameter) is determined in the plane of magnitude and half-light radius with comparison to a number of control fields. GCs in the 43 Fornax galaxies were selected using the same method. Although previous studies have used a criterion of p GC > 0.5 for GCs, in this work, we select GCs with p GC > 0.95. The reason we choose this stringent criterion is that for the outer regions of dwarf galaxies, the contamination from background galaxies is the limiting factor. Such a strict selection causes us to lose fainter GCs (affecting our completeness), but increases our efficiency. This stricter cut in the p GC parameter actually introduces a varying completeness with galaxy mass-essentially, galaxies with more GCs have fainter limits-but we have run Monte Carlo simulations to show that our results do not change if we choose a simple magnitude limit for all galaxies. Our more detailed but still rigorous approach to selection allows us to optimize signal-to-noise, especially for bimodal color distributions where we are splitting the sample in two.
Contamination by compact background galaxies is one of our main problems. To estimate the contamination from foreground and background, we used 16 control fields at high latitude (Table 1 of Peng et al. 2006a) . As described in detail by Peng et al. (2006a) and Jordán et al. (2009) , the expected contamination was estimated for each target galaxy. We have checked that the contamination is negligible if we select GCs with GC probability p GC > 0.95, averaging ∼ 1 object per ACS field.
GC Subpopulations
Previous studies show that most massive galaxies have bimodal GC color distributions (e.g. Gebhardt & Kissler-Patig 1999; Larsen et al. 2001; Kundu & Whitmore 2001; Spitler et al. 2008 ). Peng et al. (2006a) presented the color distributions for GC systems in 100 ACSVCS galaxies. Following their work, we use Kaye's Mixture Model (KMM; McLachlan & Basford 1988; Ashman et al. 1994) to decompose the data into two Gaussian distributions with the same σ (homoscedastic). We choose the homoscedastic case because it is more stable for small samples. In practice, for galaxies with large numbers of GCs, allowing σ to vary has no effect on these results. For each GC system, we determine which GCs are members of the blue and red GC subpopulations and the 'p-value' (not to be confused with p GC ) for the bimodal model. We consider the GC color distribution to be bimodal if the 'p-value' is less than 0.05. A total of 40 galaxies meet this criterion. Membership in the red or blue subpopulation is determined by the membership probabilities output by KMM, and corresponds to the "dip" in the color distribution. If the p-value is not less than 0.05, the galaxy is deemed to have only one GC population.
We show two galaxies as examples in Figure 1 . The right panels of Figure 1 show the color distributions for GCs in FCC 47 (NGC 1336, panel c) and FCC 153 (IC 335) panel d). The GC color distribution of FCC 47 displays two peaks, while the GCs in FCC 153 has just one peak in color. The blue and red curves in panel c are Gaussian fits to the blue and red GCs determined by KMM. In panel d, the black curve shows the best fitting of color distribution of whole GC systems using a single Gaussian function.
Calculating Radial Gradients
The radial gradients are calculated by a linear leastsquares fit between the GC color or metallicity and the logarithm of the radius, defined as:
In other words, we measure the change in color or metallicity per dex in radius. The color gradient errors are one-sigma errors and come from linear regression. To ensure adequate signal-to-noise, we restrict ourselves to the 78 galaxies with at least 20 GCs that meet our selection criteria (p GC > 0.95). We subsequently eliminate VCC 1938 from our sample because of its close projected separation from the dwarf elliptical, VCC 1941. We also remove the S0/a transition galaxy, FCC167, due to uncertainties in measuring its stellar mass. This leaves us with a sample of 76 galaxies. If the galaxy has a bimodal GC color distribution, we calculate both the color gradient of whole GC system and the color gradient of each GC subpopulation. We divide the GCs in to red and blue using a simple color cut determined by the KMM probabilities. We tried various approaches, including running KMM as a function of radius, and allowing the dividing color to vary with radius using an iterative fitting process. In the former case, the number of GCs limited the effectiveness to only a handful of galaxies, and in the latter case our results did not change in a significant way so we ultimately chose to use the simplest method. Given the FOV of ACS (3. ′ 4×3. ′ 4), the maximum possible outer radius of our gradient measurements is ∼ 2.
′ 4, which corresponds to 11.5 and 14.0 kpc at the distances of the Virgo and Fornax clusters, respectively.
The left panels of Figure 1 show color profiles of GC systems in FCC 47 (panel a) and FCC 153 (panel b).
We can see from the figure that both red and blue GC systems in FCC 47 show negative color gradients with color becoming gradually bluer from the center to the outskirts of the galaxy. The gradients of the whole GC system is steeper than that of each subpopulation due to the dominance of blue GCs at large radii. The GC system in the unimodal galaxy FCC 153 also shows a shallower but significant negative color gradient.
For the two most luminous giant galaxies in the Virgo cluster: M49 (VCC 1226) and M87 (VCC 1316), the gradients are extended by including the GCs in nearby ACS fields. Because some targeted galaxies were located in the halos of the giants, and their own GC systems appear to be entirely stripped (see Peng et al. 2008 for details), we consider the GCs in these fields as part of the GC systems of the giant galaxies. For M49, we use VCC 1199 and 1192, extending our study to a radius of 4.
′ 5 (22 kpc). For M87, we use VCC 1327, 1297, 1279, 1185 and 1250, which extends our study to a radius of 21.
′ 3 (102 kpc). There are two similar cases in the Fornax cluster. FCC 202 is near FCC 213 (4.
′ 6, 27 kpc) and FCC 143 is near FCC 147 (4.
′ 8, 28 kpc).
3. RESULTS 3.1. Color Gradients Figure 2 presents results for all 76 galaxies, showing the color gradient distribution (right panels), and the strength of the color gradients as a function of galaxy stellar mass (left panels). The stellar masses for the ACSVCS galaxies were taken from Peng et al. (2008) , and the masses for the ACSFCS galaxies were calculated in the same way as described in that paper using g-z photometry from the ACS images (Ferrarese et al., in prep) and J-K colors from the Two Micron All Sky Survey (2MASS, Skrutskie et al. 2006) . From top to bottom, this figure shows the color gradients of red GC populations, blue GC and unimodal populations, and whole GC systems, respectively. We combine the blue GCs and unimodal populations on the same plot because unimodal populations for low mass galaxies consist nearly entirely of blue GCs, and are likely the low mass extension of the blue GCs in more massive galaxies (see Peng et al. 2006a) . Consistent with previous studies (e.g. Geisler et al. 1996; Rhode & Zepf 2001; Jordán et al. 2004a; Tamura et al. 2006; Harris 2009b) , we find that the whole GC systems of most giant earlytype galaxies have negative color gradients. We also find that not only giant galaxies, but also most intermediateand low-mass galaxies show shallow but significant color gradients in their GC systems.
As described in Section 2.2 and 2.3, we calculate the color gradients of individual red and blue GC systems respectively if GCs display bimodal color distribution. Figure 2 shows that although the subpopulation gradients for individual galaxies are often not by themselves very significant, both red and blue GC systems have significant shallow negative color gradients when we combine data from many galaxies. The red and blue GC gradients have mean values equaling −0.048 ± 0.010 and −0.041 ± 0.006 respectively. The errors in the color gradients of individual GC systems are taken into account when calculating the mean color gradients and their errors. Color gradients of red GC populations are slightly steeper than that of blue GC systems and seem to show more scatter with dispersions σ red = 0.062 and σ blue = 0.038. Furthermore, both red and blue GC systems individually have much shallower color gradients than that of whole GC systems (−0.112 ± 0.009) with dispersion σ all = 0.077. Table 1 and 2 lists the color gradients of blue, red and whole GC systems for our sample galaxies. We only show the results for the 76 galaxies with more than 20 GCs that meet our selection.
In panels b and c of Figure 2 , big filled circles display the mean color gradients in given mass bins with bin widths of 0.6 dex. For galaxies with M ⋆ 10 10 M ⊙ , there appears to be a weak correlation between color gradients and galaxy mass, with color gradients tending to be shallower for dwarf galaxies. But for the higher mass galaxies, the trend is flattened, even reversed. In this figure, Virgo and Fornax galaxies are plotted together. We do not find a significant difference in behavior between galaxies in the different clusters.
Metallicity Gradients
Since most GCs are old, single stellar populations, trends in their integrated color are generally equated with trends in metallicity. Recent studies have found a non-linear but monotonic relation between metallicity and color of GCs (e.g., Harris & Harris 2002; Peng et al. 2006a; Blakeslee et al. 2010) , with broadband color less sensitive at lower metallicity. Blakeslee et al. (2010) fit the color-metallicity relation from the data shown in (Peng et al. 2006a ) using a quartic polynomial (their Equation 1). Although the conversion from color to metallicity is still uncertain and contains considerable scatter, we can use the Blakeslee et al. (2010) relation to derive a radial metallicity profile for each GC system. After conversion, the metallicity distribution of GC systems in many galaxies are not bimodal (see Yoon et al. 2006; Blakeslee et al. 2010) , but interpreting this is beyond the scope of this paper (see also Spitler et al. 2008) . In this work, we only use this relation to calculate the mean metallicity gradients of the entire GC system of each galaxy. Figure 3 presents the distribution of metallicity gradients of all GCs and the gradient-mass relation. Similar to the color gradients, the GC systems of most galaxies have shallow but significant metallicity gradients with a mean value of −0.387 ± 0.034 with dispersion σ [F e/H] = 0.284. The metallicity gradient-mass relation is also similar to the color gradient-mass relation shown in Figure 2. 
The Gradient-Mass Relation and Comparison to
Field Stars We have seen that the strength of the GC systems color gradient varies as a function of galaxy mass. Similar behavior has been seen in the color gradients of the field stars for galaxies in other studies. One advantage of the ACSVCS and ACSFCS data is that we can also measure color gradients for the host galaxies using the exact same filters that we use for the GCs, allowing us to make a direct comparison between the two galactic components. Ferrarese et al. (2006) measured the isophotal light profiles of 100 early-type galaxies in the ACSVCS in both the g and z band. The light profiles of 43 ACSFCS galaxies are measured by using the same method (Ferrarese et al., in prep) . The calculations of the color gradients of these galaxies are based on their surface photometry. To remove the effect of nuclei of early-type galaxies (about 2% of effective radius, see Côté et al. 2006 Côté et al. , 2007 and eliminate the significant contamination of sky background in outskirts, we measure the color gradients in the range from 0.02 R e to R e . The definition of color gradient is the same as that for GC systems (Equation 1). We list the stellar color gradients for the ACSVCS/FCS galaxies in Table 1 . Figure 4 shows the relationship between the field star color gradients and galaxy stellar mass, M ⋆ . Larger stars denote the mean gradient in a given mass bin. Similar to what has been found in other studies, the color gradients of the ACSVCS/FCS early-type galaxies are mostly negative, with low mass galaxies having flat or positive gradients. We find no significant difference between color gradients of galaxies in the Virgo and Fornax. In the mean, the steepest gradients are found in intermediate-mass galaxies, which is consistent with the finding of Tortora et al. (2010a) from SDSS surface photometry of galaxies. The circles in Figure 4 show the mean values for color gradients of GC systems, shown in bottom panel of Figure 2 . We can see that the color gradients of GC systems are systematically steeper than those of the field stars, but that the gradient-mass relation is similar in shape to that of stellar systems of galaxies.
At the bright end, the color gradients of GC systems seems to be getting shallower again, but there is an important caveat. The ACS observations of our sample galaxies have field view of 3.
′ 4 × 3. ′ 4, which at the distance of the Virgo Cluster is roughly 16 kpc on a side. For the massive galaxies, we are only probing the innermost regions of the halo, even when using fields that observed neighboring galaxies. Rhode & Zepf (2001) , in a wide-field study of the GC system in M49 (NGC 4472, VCC 1226), found color gradients within 8 ′ , but also found that the gradient disappeared when expanding the radius to 22 ′ . Harris (2009a) measured color gradients for the GCs in M87 and found detectable gradients out to ∼ 60 kpc, or 12.
′ 5, a roughly similar radial scale. In this work, we have mostly only calculated color gradients of the central part of the GC systems of massive galaxies due to the limited field of view of ACS, so for massive galaxies these color gradients are best described as those for "inner halo" GCs. A more comprehensive study of GC system color gradients will require wide-field imaging, such as that being taken for the Next Generation Virgo Cluster Survey (Ferrarese et al. 2011, in prep.) .
4. DISCUSSION 4.1. A Note on Projection Effects When we calculate the GC system color gradients, we use projected galactocentric distances, not the true threedimensional distances to the galaxy centers. Projecting the GC system onto the plane of the sky weakens the measured gradients, as GCs projected onto the center are actually a mix of GCs at all radii. This is less of a problem for more centrally concentrated systems (i.e., more steeply rising density profiles toward the center). Because the distribution of red GCs can be more concentrated than blue GCs, the projection effects for the two subpopulations could be different.
TABLE 2 Color and Metallicity gradients of GC systems of ACSFCS galaxies
In order to test the affects of projecting real gradients into the plane of the sky, we provide one test case. Côté et al. (2001) deprojected the spatial distribution of the red and blue GC subpopulations in the galaxy M87. The projections of the model density distribution are consistent with the observed surface density of GCs. They obtained:
) −2 , r < 125 kpc (4) We assume that the initial color gradient of GC systems are −0.15 and project the model density distribution into two dimensions. The resulting projected color profiles are shown in Figure 5 . The projection effect flattens the gradient of both red and blue GC systems to −0.134 and −0.132, respectively. Because the blue GCs are more extended than the red ones, the flattening is slightly more obvious in the gradient of blue GC system. The total effect of projection in this case, however, is relatively small, roughly 12%, and the relative effect between the red and blue GCs is negligible. We do not correct for projection effects because we do not know the three-dimensional density profiles of the GC systems. We simply note that the true radial color gradients for these GC systems are slightly steeper than the projected gradients, but that for a realistic density profile of GCs, this correction is likely to be of the order of ∼ 10%.
Gradient-Induced Bias in the Colors of GC Subpopulations
Our results show that the GC systems of earlytype galaxies display significant negative color gradients, which is consistent with previous work (e.g., Strom et al. 1981; Geisler et al. 1996; Rhode & Zepf 2004; Jordán et al. 2004a; ). However, there exists more uncertainty about whether individual GC subpopulations display color gradients or not. Some previous studies have found shallow gradients in individual GC subpopulations (e.g., Bassino et al. 2006; Harris 2009a,b) while other studies have not (e.g., Forbes et al. 2004; Kundu & Zepf 2007) . In this work, we find that only a few of the individual GC subpopulations show significant gradients (> 3σ), but the overall trend is obvious when measured over 39 galaxies, i.e., individual GC subpopulations display negative gradients statistically. It is the first homogeneous study of color gradients of GC systems in early-type galaxies, and emphasizes the power of using a large, homogeneous sample of galaxies.
One consequence of this result could be on the mean measured colors of the subpopulations. The studies with the highest precision photometry and least contamination have often used HST imaging (e.g., Larsen et al. 2001; Peng et al. 2006a ) which necessarily has a small field of view relative to the largest nearby GC systems. Results from these studies have shown that the mean color of the blue and red GC subpopulations is a function of galaxy mass or luminosity, where more massive galaxies have redder GCs, in the mean. This has generally been interpreted as a mass-metallicity relation for GC systems (as opposed to for individual GCs). The correlation for metal-poor GCs, although weaker than that for the red GCs, has drawn particular interest because it implies a connection between the earliest forming GCs and the final halos in which they reside (Larsen et al. 2001; Burgarella et al. 2001; Strader et al. 2004; Peng et al. 2006a) .
Given the fixed and relatively small field of view for the instruments, there is a significant aperture sampling effect that varies across the studied range of galaxy mass. Peng et al. (2008) showed that for galaxies with M B > −18, the entire GC system typically fits within the ACS field of view. At higher luminosities, the ACS field will miss some fraction of the outer regions. This fraction can be as high as ∼ 90%, in the case of M87. This bias toward the centers of galaxies would not matter if the GC subpopulations did not possess color gradients. We have found, however, that they typically have gradients of 0.04-0.05 mag/dex in (g-z) . This results in a bias where the most massive galaxies are sampled where the GCs are most red. This would particularly affect the blue GCs, which can have a more extended spatial distribution.
Although the resolution of this issue will ultimately require precision wide-field imaging, we can estimate the degree of bias that color gradients may have introduced. For the most massive galaxies in Virgo, such as M49, M87, and M60, the effective radii (R e,GCs ) of the GC populations are 42, 41, and 24 kpc, respectively. This was determined using Sérsic fits to the GC spatial distribution from ACSVCS data and published photometry (McLaughlin 1999; Rhode & Zepf 2001) . The mean projected radius for the GCs observed in the ACS field, and for which the subpopulations colors were measured in et al. (2006a) , is roughly 5 kpc. Given the gradients for the red and blue populations measured in this paper (Table 1) , we can infer the expected difference between the mean color in the ACS field and the mean color at 1R e,GCs , which should roughly represent the mean color of the entire GC subpopulation if the color gradient is constant at all radii. The color difference, ∆ g−z (ACS − R e,GCs ), for M49, M87, and M60 is: 0.031 mag, 0.046 mag, and 0.019 mag, respectively.
Could such a shift to the blue affect the previously published correlations between galaxy mass and GC subpopulation metallicity? We estimate ∆ g−z as a function of galaxy M B in the ACSVCS sample for easy comparison with the analysis in Peng et al. (2006a) . We use the measured mean colors within the HST/ACS field of view from Table 4 of Peng et al. (2006a) , R e,GCs for the GC systems in the ACSVCS galaxies (Peng et al. 2008; Peng et al., in prep) , and the mean color gradients for the red and blue GC subpopulations (−0.048 and −0.041, respectively, Figure 2 ) to infer the mean color for the red and blue subpopulations at R e,GCs , which we take to be representative of the entire population. We weight each galaxy's contribution to ∆ g−z by their total number of GCs from Peng et al. (2008) . Figure 6 mirrors Figure 8a of Peng et al. (2006a) and plots the mean colors versus galaxy M B , both measured with ACS (solid points) and inferred at R e,GCs (open points). As expected, the correction is only important for the two most luminous bins in M B . Whereas the relation for the red GCs is not significantly affected, as it was originally quite steep, the slope for the blue GC relation is noticeably smaller. The fit to the original measurements gave a blue GC slope of −0.0126 ± 0.0025, a nonzero slope at the 5σ level. The fit to the newly inferred mean colors produces a slope of −0.0069±0.0025 (systematic errors from the correction process are not included). This shallower slope is now only significant at 2.8σ, and could potentially be even less significant if more accurate color gradients on the outer regions are measured to be steeper than what we have measured.
We want to emphasize that this exercise is far from conclusive, and only serves to warn that color gradients in the GC subpopulations will potentially affect conclusions drawn from imaging the central regions of galaxies. Similar biases have been noted for the color-magnitude relation of early-type galaxies where colors are measured in fixed apertures (Scodeggio 2001) . The correction that we infer out to R e,GCs assumes a constant color gradient over the entire GC system. This assumption is unverified, and probably provides an upper limit on the possible correction, given the results of Rhode & Zepf (2001) and Harris (2009b) who find a flattening gradient at large radius. Nevertheless, a shallower (or potentially non-existent) relation between the mean color (metallicity) of metal-poor GCs and their host galaxy mass will have implications for understanding the formation of GC systems, and the solution to this problem awaits highquality wide-field data (e.g., Rhode & Zepf 2004) .
The Formation of GC systems and Their Hosts
That GC systems should have negative color (metallicity) gradients is perhaps not surprising given that GC formation is by its very nature a product of high star formation efficiency. Most models predict that high efficiency of star formation plus metal retention leads to more enriched populations at the centers of galaxies. Interestingly, even though GCs are among the oldest objects in galaxies, and thus have presumably experienced the largest amount of merger-induced radial mixing of any stellar population, the color gradients in most intermediate-and high-mass galaxies are still significantly negative.
Di Matteo et al. (2009) investigated the survival of metallicity gradient after a major dry merger. For ellipticals with similar initial gradients, they concluded that the final gradient is about 0.6 times of the initial after a major dry merger. Dissipational mergers, however, can either flatten or enhance gradients, depending on the initial gradients and the amount of gas involved. This dependence on merger history is one of the reasons why gradients in massive galaxies are expected to have larger dispersion. We have very few galaxies on the high-mass end, so it is difficult for us to probe the dispersion in GC system color gradients in this mass range. For the highmass galaxies in our sample, we are also only probing the very inner halo, so it is possible that the gradients in this region are either more robust to dilution or had the strongest initial gradients. The color gradients for blue GCs (presumably the oldest GCs) in massive galaxies are detectable but shallower than at lower masses, and this may be a sign that mergers have played a part in their history. It would be interesting to extend this study to wider fields of view for the more massive galaxies.
We find that the mean gradients for the red and blue subpopulations are similar in magnitude (−0.048 and −0.041, respectively), but its interpretation is confounded by the uncertain conversion from (g − z) to metallicity. Both the Peng et al. (2006a) and Blakeslee et al. (2010) transformations have slopes that are roughly 3-4 times steeper at the mean blue GC color than at the mean red GC color. By extension, the true metallicity gradient for metal-poor GCs should be 3-4 times steeper than that for metal-rich GCs (given their similar gradients in color). This would be a fairly remarkable difference between the two populations, but is still entirely dependent on the assumed color-metallicity relation. We plan to revisit this question when the transformation from (g-z) is better understood.
The relationship between the color gradients of GC systems and host galaxy mass offers some interesting insights into the formation and evolution of stellar halos in early-type galaxies. Even for measurements of color gradients from galaxy surface photometry, it was only relatively recently that the data quality and mass range probed has been sufficient to study trends in galaxy mass (e.g., Forbes et al. 2005; Spolaor et al. 2009; Rawle et al. 2010; Tortora et al. 2010a ). Tortora et al. (2010b) have also run simulations to show that environment can also play a role in the observed gradients. Our results show that the shape of gradient-mass relation for GC systems is similar to that for the galaxies themselves, with a minimum around ≈ 10 10 M ⊙ (Figure 2 ). That the GC color gradients are universally steeper than those for the field stars is an interesting result. If the GCs formed in higher efficiency star forming events than the bulk of the field stars (e.g., Peng et al. 2008) , then that might result in steeper gradients. One caveat for the interpretation, however, is that the total GC gradients are actually a combination of the red and blue GC populations, which may not have formed contemporaneously in the present-day halo. The steeper gradients are likely a combination of the increasing fraction of blue GCs and the increasing specific frequency of GCs at lower metallicity (Harris & Harris 2002) . The color gradients for the individual GC populations are similar in magnitude, if not slightly shallower than the gradients for the field stars.
The shape of the gradient-mass relation for both GC systems and field stars is broadly consistent with a model where color (metallicity) gradients are increasingly steeper in higher mass halos due to metal retention, but then are diluted in the highest-mass galaxies (M ⋆ 10 10 M ⊙ ) due to the increasing importance of mergers in their evolution. One difference between the GCs and the stars is that the stars in some dwarfs exhibit significantly positive color gradients, which are often interpreted as due to age gradients (age increasing with radius) (e.g., La Barbera & de Carvalho 2009; Spolaor et al. 2010) . This is not difficult to produce if there has been recent low level star formation at the galaxy center. However, we do not see any case of this for the GC systems, nor might we expect to as the star formation rate density required to produce young GCs is much higher than needed to produce a slight age gradient in the field. We notice that there is a prominent outlier in Figure 4 , VCC 798 (M85) with mass ∼ 10 11.27 M ⊙ , which has a steep positive color gradient. This galaxy is known as a young, gas-rich merger remnant (e.g., Schweizer & Seitzer 1992; Peng et al. 2006b ) and hosts a large-scale stellar disk (Ferrarese et al. 2006) . During the gas-rich merger, the central starburst produced a young, blue stellar population in the center of galaxy. Therefore, the positive color gradients are common in gas-rich merger remnant (e.g., Yamauchi & Goto 2005) . However, the color gradient of the GC system in VCC 798 is negative and quite normal. One of the possible reasons is that the number of GCs formed during the merger is negligible compared to the preexisting old GC population. The fact that the GC systems of dwarf galaxies have shallow or flat color gradients suggests that metal retention and mixing were not efficient during the epoch of GC formation.
CONCLUSION
We use HST imaging from the ACS Virgo and Fornax Cluster Surveys to conduct the first large-scale study of globular cluster system radial color gradients. We present results for 76 early-type galaxies, measuring (gz) color gradients for GC systems across a range in galaxy stellar mass (8.7 < log(M ⋆ /M ⊙ ) < 11.8). For 39 galaxies whose GC systems show significantly bimodal color distributions, we also measure the color gradients in the GC subpopulations. Using the surface photometry of ACSVCS galaxies from Ferrarese et al. (2006) , we measure the radial color gradients of the field stars in the same galaxies and same filters, allowing a direct comparison of GC and field star radial gradients. We caution that the FOV of ACS means we only measure the central part of many large galaxies, which may introduce an aperture bias if the color gradient of galaxies are not constant with the radius. We find that:
1. GC systems as a whole have negative color gradients, with an average gradient over the entire sample of −0.112 ± 0.009 mag in (g − z) per dex in radius.
2. On average, red and blue GC subpopulations also show significantly negative color gradients at the mean level of −0.048 ± 0.010 and −0.041 ± 0.006, respectively. Although a gradient is sometimes difficult to detect for any individual galaxy, the combined sample shows this property with higher signal-to-noise.
3. We find a relationship between GC system gradient strength and galaxy stellar mass, where the gradients are flat at low mass, increasingly negative with mass until M ⋆ ≈ 10 10 M ⊙ and then staying constant or less negative at higher mass. This trend parallels the gradient-mass relationship we find for the field stars in the ACSVCS galaxies. The GC system gradients are systematically steeper than that for the field stars, which is likely a reflection of the dominance of blue GCs at large radius. These observed trends, however, are limited by the small number of galaxies at high and low mass in our sample.
4. Color gradients in the GC subpopulations can cause a bias in the measurement of the mean colors of GCs when the data only covers the central region of the galaxy. We infer a correction using the measured gradients and find that the slope between the mean color of metal-poor GCs and the luminosity of their hosts can be reduced by nearly a factor of two from previous measurements, raising questions about its level of significance.
5. The shape of the gradient-mass relation for GC systems is consistent with picture where the formation and chemical enrichment of the GC system becomes more efficient as the mass of the host galaxy increases, but is further affected by significant merging and radial mixing in the most massive galaxies.
6. In a test case, the intrinsic, three-dimensional color gradients are likely to be roughly ∼ 10% steeper than the projected gradients given a reasonable spatial distribution of GCs.
